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TNTRODUCTION

The feasibility of remotely determining the trinsverse wind
velocity with a point-to-point, cw luser system is well established.l’z’3
In recent work, 3 investigators have considered the extension of the
technique to the use of a cw laser as well as ambient 1light, with a
passive, diffuse target. 1In either case, the technique basically con-
sists of relating the scintillation pattern on the receiver, to the
frozen-in, transverse motion of the turbulence structure along the
propagatior. path, Tho most successful cw method that has been used
involves tine measuremen ' cf the slope of the log amplitude covariance
function at zero time de.‘ay.1

The field application for the wind measuring technique recuires
nearly instantaneous measurements. Although short time sverages {e.g.
1-10 seconds) have been shown to produce satisfactory results in the cw
approach, the use of a non-cooperative, diffuse target suggests the
utilization of a pulsed laser ~ource for useable signal levels at
reasonable ranges.

In order to employ a pulsed laser and still make a temporal measure-
ment as required for wind velocity, a double~pulse technique is used
whereby two Q-switched laser pulses are generated at a time interval
on the order c¢f a millisecond. This interval appears to be appropriate
for the employment of the covariance '"slope at zero time lag" technique1
and is compatible with current double-pulse laser technology.

Since the pulse technique precludes time averaging of the statis-
tical quantities measured, spatial averaging is employed. Therefore
the equivalent of an ariay of detec:orvs had to be utilized in order
to generate a sufficient number of sample; of the instantaneous
scintillation pattern to use spatial averaging. To the extent that

the statistics of this pattern are invariant with lateral translation

at the receiver (a safe assumption with the use of a diffuse target

as a secondary source), such spatial averaging will give the desired
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result and the pulsed technique is fundamentally similar to the cw,
time-averaging approach. However, the partial cohe-ence of the laser
and the characteristics of scintillaticns involving a difiuse source
introduce new factors. These issues are pertinent for both the cw
and pulsed systems and have been given some consideration by other
investigators.a’5
The primary emphasis during Phase I cf this investigation was on
feasibility determination and design of an experimental, pulsed-laser,
remote-crosswind measurement system u+*ilizing the "slope" method.
Accomplishments during the report period include:
Established a receiver concept for real time m2asurement
of tue average wind utilizing a pulsed source and diffuse target;
Established that use of a diffuse target with pulsed laser
illumination for wind determinetion is feasible;
Designed and built an experimental transmitter and receiver
system;
Established a test site and installed and testcd the trans-
mitter;
Developed a technique for processing the data to determine
the wind; and
Established a conceptual design for a rfield system requiring

realistic laser energy levels.




BACKGROUND

In ncn-saturated turbulence, the time delayed covariance function
4,6,7,8

tor the intensity is given by
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The parameters used in equations (1) - (4) are defined by

Receiver Filter function

o8

KS2 = Source Iilter function

DR = Receiver aperture diameter

DS = Incokerent source diameter

L = Total propagation path length
z = Distance from source

an(z) = Turbulence strength
V(z) = Wind velocity
p = Receiver aperture separation
Tt : Time delay
k = Wave nuwber
A Kolmogorov spectrum has been assumed.
The slope with respect to T of the time delayed covariance function

can be found from (1) and is given by

3Cy (p, 1)
() -~ X2 (5)
Mx 97T T=0
My (0) + (0.033) z.n-’-ka v(z)Cn?(2)W,(z,0) dz (6)
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Equations (1) and (6) hoid for the log-amplitude. However, it

is the intensity that is measured. This can be accounted for by

normalizing (1) and (6) by the variance since it has been shown

6,8

that the normalized covariance of the log-amplitude, amplitude and

intensity are equal for the non~saturated case.

expressions are then given by

1
-
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Equations (7) and (8) rcopresent the theoretical basis upon which remote
probing of the turbulence and crosswind velocity is based. Equation (7)
could be used to determine the average wind velocity by finding the time

»9

delay t at which it has a peak value. However, if the turbulence
and/or wind is non-uniferm, multiple peaks occur. Also, the scintillation
pattern tends to evolve with time. Consequently this method is not very
useful.

Equation (7) is linear in an(z) anrd non-~linear in V(z). It could

be used to determine the wind velocity 1ilong the path,9 but the non-linear
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relationship to V(z) makes it difficult. At zero time delay, equation
(7) is 1independent of the velocity and depends linearly on an(z).
The "slope" function, Equation (8), is linearly dependent on the
product of wind velocity V(z) and the turbulence an(z). Equations
(7), with zero time delay, and (8) can at least in principle be
solved for the turbulence and wind profiles.lc’-14

If the turbulence is assumed to be uniform, then an(z) can be
taken out of the integrals in (8) and it becomes

1
MIN () =8} J[)V(W)Fg(W,p') dw

1
f F3(W) dw
0

The "slope" function in this case is proportional to a path weighted

(13)

average of the velocity distribution along the propagation path and
1,5
If

the wind velocity is also constant along the path, then (13) becomes

has been used quite successfully for cw remote wind sensing.

‘

1
My () =61V Fp(W,0) dw (14)
N -0

.1
F3(W) dw
-« 0

The slore function in this case is proportional to the crosswind
velocity.

In a field situation, both the turbulence and the wind may
be non-uniform along the propagation path. Consequently a field
system may require the capability for path resolved wind measure-
ments. There are several possible techniques that might be used
to accomplish this. In principal it could be done by varying the

4,15,16
’

path weighting function i.e., i1f the weighting function takes

on the form of a '"delta" function, then the turbulence strength and wind




velocity would be determined at the point along the path that the
weighting function was non-zero.

Another approach that looks very promising and has been used
with some success ~ ~~ is to use the covariance function and the
slope of the covariance to obtain the turbulence strength and wind
speed as a fur.ction of position along the propagation path. Each
of these funct.ons is represented by an integral involving the
wind speed and/or the turbulence strength. By measuring the co-
variance and "slope" at several detector spacings, the integral
equations can be used to resolve CN(z) and V(z) to some degree along
the path. An important issue in any technique is the required
accuracy on the measurements versus the accuracy of the path resolved

parameter.10'11:17,l8

As the path resolution increases. the required
accuracy of the measurements increases very rapidly, Consequently, a
practiral limit appears to be the utilization of measurements at three

or four detector spacings.
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EXPEKIMENTAL PROTOTYPE DESIGN

As shown in the previous section, the covariance function and the
slope of the time delayed covariance function at zero time delay contain
information about the strength of turbulence and the crosswind velocity
along the propagation path. Consequently, an instrument that can
measure these two functions has the capability for remotely determining
the turbulence strength and crosswind. This is the basis on which an
experimental prototype was designed.

Work by other investigators has been restricted to cw sources where
the propagation path is direct to the receiving system (double-ended

19,20 is used

system) or a cooperative target such as retro-reflector
(single-ended system), or passive (ambient) illumination is used. Under
these conditions, an acceptable signal to noise ratio can be achieved
at reasonable transmitter power levels. However, the proposed appli-
cations of the work sponsored under this project requires a single-
ended system operating against a non-cooperative target which can be
viewed as a perfectly diffuse surface with reflectivity of approxi-
mately 0.1. Under this constraint, a cw system would require exces-
sive transmitter power levels. However, preliminary analysis indicates
that a pulsed system operating at about the 1 Joule level could be de-
signed with adequate signal to noise vatio (S/N).

The primary noise sources in the system are the Poisson fluctu-
ations of detector current and thermal noise in the electronics. For
a given pulse energy, as the pulse width decreases the instantaneous
power [uncreases. Consequently, the detector signal current incveases
and eventually its Poisson fluctuation becomes the dominant noise
source. if the receiver js gaied synchronously with the transmitted
nulses, at this point it would be signal shot noise limited. There-
fore, in a direct detection optical system, the signal to noise ratio
for a given total energy increases as the pulse duration is made
shorter.21 There is of course a limit on how short the transmitted

pulses or ultimately the receiver gate width can be made. Tn our




particular case, the minimum transmitted pulse width is around 10-3C
nanoseconds. However, it will not be necessary to go to this limit
in gating the receiver in order to meet the system requirements.

For a photodiode type detector working into an ideal (infinite
bandwidth) operational amplifier operating in the current mode, the
S/N is given22 approximately by

2 12
= Rf Is

2 2
BIR2 T2 +4kTR. + [X¢ +1) e2+[Re) o 2
f n R— n ;‘- bun

v i

(15)

=l
!

where
e, = Amplifiror voltage nois%/vﬁz

e = bias voltage noisa/yﬁ;

Rf = Feedback resistance

rd = detector shunt resistance
B = bandwidth

R "er

i d

Ry +rd

R; = Amplifier Input resistance

2 o
Lo=8 9 (1 +1,+1))
T4 s d
I = detector signal current

Id = detector dark current

-
—_
i

= amplifier input current

10




if In2 is dominated by 2eI_ and sz In2 dominates the other de-
nominator terms in (15), then the system operation is signal shot noise

limited and (15) becomes

1

- (16)
2eB

S,
N

If B is made equal to 1/t where T is the pulse width (ov Gate time),

and using

URen

Is = hvt

where
UR = Received energy

r = detector efficiency

equation (16) becomes

s Ug" a7
N 2hv
where
UR = UT (Target Reflectance) LA (Receiver Diameter) 2
4

T Ranre

(18)

For a target reflectance of 0.1, a receiver diameter of 2 cm a
transmitted energy of 1 Joule and a range of 3 Km, signal shot noise
limited operation yields an S/N of almost 60 db which should be ade-
quate. It should be noted that (17) depends linearly on the trans-
mitted energy. Ccnsequently, if the transmitted energy is decreased
by a factor of ten yielding 100 millijoules, the S/N decreases by
only 10 db.

Fieure 1 shows the effect »f receiver gate time on the signal
to noise ratio for the alove described conditions and with the follow-

ing electronics parameters used for illustration

11




T = Gate Time

B =1/t

R; = 10 ohms

ry = 108 ohms

Ri =14

I, = Ur/T

I,=5x10°

I, +~ Negligible

e =30 x 107 V-Re"1/2

e = 30 x 107% v-Hz"l/2
n

From Figure 1 it appears that signal shot ncise limited operation
can be achieved with a gate time of around 10™® seconds.

Several types of detectors were considered for the experimental
prototype including silicon vidicons, arrays of photodiodes and charge
coupled devices. The presently available charge coupled devices are
several orders of magnitude inferior from a noise standpoint than the
other devices and were rejected on that basis. The silicon vidicon
{which is essentially a large array of photodiodes read out with an
electron beam) and photodiodes have similar noise characteristics.
However, for purposes of an experimental prototype, both have advan-
tages and disadvantages. The silicon vidicon is limited in beam
current and sweep speed which in turn limits the minimum gate time
and prevents signal shot noise limited operation. However, it allows
a very flexible and rzadily changeable design due to the need for only
a single set of optics (vice an array) and the ability to electronically
generate and control the receiving array. This is a considerable ad-
vantage and led us to choose the silicon vidicoin for the first experi-

mental prototype. It should be noted that at this point it appears a

12
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photodiode array will be necessary for a field system due to the need
for signal shot noise limited operation. To compensate for the slower
gate time (smaller S/N) with the silicon vidicons, a special target
material is being used. It is a high gziax Scotchlite paper which
represents a quasi-diffuse scatterer. When illuminated by a cw co-
herent source, the Scotch'ite paper cxhibits strong speckle, character~
istic of a diffuse target. Use of this naterial allows the effect of
a diffuse target material to bc assessed at a much lower illumiiation
level than would normally be required for the silicon vidicon system.
The Scotchlite has a gain relative to that of a perfectly diffuse
surface of arcund 40 7. The signal to noise ratio for the silicon
vidicon system is estimated to be in excess of 70 db at 1.6 Km. The
maximum background illumination that is expected to be encountered

at the tesu site is 0.03 Watt/cm?/Sr/um. By limiting the field of
view of the receiver to 3 milliradians and using a 10™2 um bandpass
filter in front of the vidicons, the received background power deusity
is of the order of 3 x 107!0 Watts/cm?. To further limit the back-
ground, a mechanical shutter (spinnin‘, disk) is used to mechauically
gate the receiver for around 1 millisecond. The received background
energy then is of the order of 3 x 10~!3 Joules/cm? as compared to
around 10~2 Joules/cm? at 1.6 Km for the received signal.

The purpose of the receiver is to provide intensity measurements
from which the covariance function and the "slope" of the covariance
function can be calculated. The latter function can be derived by
calculating the covariance at two closely spaced points in time.

This is accomplished by utilizing two transmitter pulses separated in
time by 10”3 second.

Since the quantity being measured (received intensity) is a random
variable, a single measurement would not yield a good estimate of the
expected value. With a cw system, a time average can be used to
statistically average the signal. It appears that good results are
being obtained with temporal averaging times of 1 to 10 seconds.1’4
Since the pulsed system samples only one instance in time, a spatial

average must be used.

14
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In ordgr to obtain the required spatial av=araging, th. equivu-
lent of an ;;ray of detectors is required. In addition, since the
two pulses are only a millisecond apart, the array must be read out
quickly or two arrays must be used in conjunction with a meuns for
directing the return from the second pulse to the alternate axray.
We are using two silicon vidicons tc realize the arrays. The face
nf each vidicon is divided electronically into a )0 x 10 matrix of
equally spaced cells Each element in the matrix is scanned and a
digital number generated that represents the integrated flux over
the cell. The location of the center of each cell (i.e. the spacing)
is fixed in the present arrangement but could be made electronically
variable. However, the size of each cell is controlled electronically
and gives us the capability to vary the effective aperture of each
cell. A spinning disk and a hole and mirvor arrangement are used to
direct the two received pulses to one vidicon or the other (zee
Figure 2). The 2 x 100 numbers representing the two scintillation
patterns are temporarily stored in a memory and then recorded by
punching a paper tape for later processing. The measurement system
is extremely flexible which will aid in assessing the effects of
detector spacing and aperture size on system performance. It will
allow a variety of techniques for converting the information in
the scintillation patterns into wind speed to be evaluated and has
the capability for determining two-dimensional path resolved wind.
The receiver is illustrated schematically in Figure 2.

The receiver optical system consists of two lenses and a field
of view limiting aperture. The scintillation pattern at the entrance
aperture (first lens) is demagnified by a factor of approximately
14.3 and imaged onto a 1 cm diameter area on the vidicon face. For
a 1.6 Km propagation path, this yields a cell spacing and cell
aperture of 0.43 Fesnel zones (/AL). The 10 x 10 array covers an
area of 4.3 x 4.3 Fesnel zones. For the smallest cell spacing, this
allows 90 spatial samples to be averaged. Of course all the samples

are not completely independent. Data from individual cells can be

15
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combined to form larger cells if desired and the second lens can be
changed to decrease the spacing. The primary criterion on system
performance is tha error in estimating the crosswind. As the cell
size increases more signal (average) is received, but the scintil-
lation level decreases. Also, for a given cell spacing, as the cell
size increases, the samples become more dependent which will increase
the error. Because these effects are competing, there is probably

an optimum cell size and spacing for a given number of cells and the
optimum solution may also be a function of range and/or turbulence
level. This will be studied during phase II.

The transmitter is shown schematically in Figure 3. The source
is a double-pulse, Q-switched ruby laser. The requirement for the
laser to produce two Q-switched pulses sr'arated by about one milli-
¢ :cond was met by exciting the lacer rod with a long pump pulse and
Q-switching twice within the pump pulse interval. A double-pulse,
Q~switched ruby laser meeting these requirements was available
commercially (Apollo Lasers Inc.) for use in the system. The energy
per pulse is approximately 0.5 Joule with a repetition rate of 6 pulse
pairs per minute.

Ruby appears to be the best choice at the present time. However,
in the future longer wavelengths may be seriously considered because
of the redu:ed probability of saturation of scintillation at longer
wavelengths. A small He-Ne laser is used for alignment and as a
tracer beam for the ruby laser. This greatly facilitates steering
the beam onto the target. It will not be required in a field system.

The 9.5 mm output beam of the ruby laser is beam expanded using
a negative lens and a 320 mm mirror. This reduces the 3-5 milliradian
divergence of the raw beam to around 10™% radian which is the same
order nf magnitude as the maximum spread due to turbulence. A nega-
tive l-ns was required to avoid tightly focusing the raw beam, since
it has enough energy to break down the air. The negative lens is on

on & track that allows the beam to be focused to a spot at any
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distance beyond = few hundred feet from the transmitter. The spot size
in the absence of turbulence should be around 160 mm at 1.6 Km. As the
turbulence increases, the spot size will increase. A larger spot size
decreases the degree of scintillation and changes the covariance
function. However, the larger spot size is caused by stronger turbu-
lence which increases the measured effect. Consequently there are
competing effects which tend to cancel each other. The change in tte
covariance function may also significantly affect the instrument
calibration.

Another factor that must be considered is saturation. For a
reasonably long, low path at visible or near-IR wavelengths, the
scintillations will be "saturated" in moderate and strong turbulence.6
This represents the multiple scattering realm, and affects the shape

of the covariance curve and hence path—weight:ing.a’23

For a system
to cope with this phenomenon, it will probably be necessary that the
degree of sacuration be known or measured. Our measurement system
can generate an estimate of the covariance function at 9 spatial
separations. It may be possible that the degree of saturation can
then be inferred from the covariance function. By using a model
appropriate for the saturated conditionz4 proper corrections can
then be incorporated into the data processing. In this regard, the
technique for determining the wind from the data may have to be self-
adaptive. In addition, recent work by NOAA25 indicates that the
effects of saturation can be neutralized by appropriate choice of
source and receiver aperture sizes. More study is needed in this

area.

Photographs of the completed equipment are shown in Figures 4 - 6.
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Figure 6.




PROCESSING

The instrument described in the previous section records 200
numbers that are proportional to the total integrated intensity
received by each cell in the array. From these data, the average
intensity, variance and covariance function for each pulse and the
slope of the covariance function at zero time delay are calculated.

The covariance of a random variable I(r,t) can be expressed as
CI(rz,tz;rlxtl) = <[I(ry,ty) = I(rp,t)]{I(r),t;) - I(r),t)]> (19)

If the process is wide sense stationary and locally homogeneous, then

the covariance function only depends on the coordinate differences

= irz = rl!

©
[

-
it

t2 -ty

and (19) becomes

¢ (p,1) = <[L(rz,tp) - I} {I(r;,ty) - I]> (20}

The data is reduced on the basis of equation (20).

Since we are dealing with :wo, two-dimensional arrays of data, it
is convenient to use three subscripts to identify the array location
and pulse. For example consider I(J,K,N).

J = array row
K
N

array column

pulse number (1 or 2)
Using this notzction and approximating the ensemble average by a finite
spatial average, the average intensity, variance and normalized co-

variance function are then given by
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10
To 1 | oz ): 1(J,K,N) (21)
100 |[3=1 K=1
10
L
=1

[ 10 _
2=2C(o,0)=_1 1 £ (I(J,K,N) - I]? (22)
r 1 100 {J=1 K
™10 10 - n
c. (nsh,o) = _1 ) 1 L [L(J,K,N) - T}{I(J,K4n,N) - I}
Iy 10 0,2 |J=1{(10 -n) K=1
1
| (23)

where §' is the normalized cell spacing, n takes on the integer values
1 through 9.
The slope of the covariance function at zero time delay can be

expressed as

M, (p")= X, (d,T1)
IN IN
T

= lmit C (d,t0) - ¢ (¢y=10) (24)
TO > 0 N N

210

With 210 chosen to be 10”3 seconds, the limit restriction can be
removed without causing a significant error.1 Doing this and rewriting
the covariance functions in a form more readily identifiable with the

arrays and pulses, (24) becomes

MIN(p) = CIN(xz,cz;xl,cl) - CIN(XZ’tI;XI,tz) (25)

210

24
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Now using (19) this becomes,

MI (pf) = 1 <[I(Xy,ty) - Y][I(X1,t1) --f]
N 210

- [I1(Xp,t)) - IJ[I(X],tp) = II> lo (N = 1o (N = 2)

(26)
Using the subscript notation and approximating the ensemble average by

a spatial average, the normalized "slope" function becomes

M. (ns) _
IN =

0 10-n B

z z EI(J,K+n,2) -I(N = 2)]
=1 K=1

103
10 (10-n) oy N=121)¢

I

HU&J)-3N=D]—HU&MJ)—ﬂN=DHHL&D-TW=24

(27)

The data stored in each array is not the intensity but a number
proportional to the intensity. In addition, the proportionality con-
stant will be different for each array. However, because of the way
in which the covariance and "slope'" functions are normalized, the
results for these quantities are independent of the proportionality
constants and the energy in each laser pulse and no related cali-
bration is necessary. However, this does not compensate for any
sensitivity variation across the tube face. If absolute data on
the average intensity and variance is desired, then the two pro-

i portionality constants will have to be either measured or calculated.

To obtain the average wind, the measured slope is used in con-

junction with equation (14) to obtain
1

[F3(W) dw
V=B (ns') °

T N dw (28)
N J;Fz (w, ns)
J
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where 8 = /Xf

MI (ns') is the measured "slope" function and the quantity
N

in brackets is a known function that can be calculated numerically

with the aid of a computer. It has been calculated for the case

o = D8 - 9.43
/AL

' -—

' -

DS = 4,85
and

L =1.6 Km
For this case

V= 2,725 x 1072 M (0.43) m sec™! (29)

N

The proportionality constant is a function of the detector spacing and
size, the source size and the path length. The detector spacing(s)
and size are known and the path length will be known even in the field
application, since a range finder will either be integrated into the
system or coupled in externally. However, the source sjze will in
general be a function of turbulence level and its effect on accuracy
and calibration needs to be evaluated.

The instrument generated binary data tape begins with the follow-
ing sequence of symbols which indicate the beginning of a data block:
1,0,# of bytes in data record (low byte first), 0,0. This is followed
by the data block which consists of the 200 dica words from the array
plus 7 extra channels that can be used to record in situ measurements
of wind speed, Cn? etc. for evaluation. A data word consists of two 6
bit bytes (12 binary digits) each of which has a parity (odd) check.
The binary, 12 bit analog to digital conversion gives a resolution of
cne part in 4096 which should be down into the noise level.

The data is sequenced onto the tape alternately from array one
and array two. For example, I(1,1,1) is punched followed by I(1,1,2),

followed by 1(1,2,1) etc. The array location is sequenced along each

26
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row to the end and then shifts down to the next lower row withuuc
retracing. For example I(1,10,2) is followed by 1(2,10,1).

The binary data on the instrument generated tape is converted
using the Graduate Center PDP 11 computer to ASC II, and a new tape
generated for use in processing the data. The data is processed
using the program shown in Appendix A which also contains a sample of
the computer generated output. The program prints out the data from
the two arrays in the proper sequence and then calculates and prints
out the average intensity, variance, covariance function and "slope"
function. The data used in this example is hypothetical and is used

merely to check out the program.
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EXPERIMENTAL PROGRAM

Measurements will be made at an established field site over a 1.6
Km path with very uniform terrain. A small building complete with heat,
light, power, communications and an optical table completely isolated
from the building was constructed to house the experimental system.
Figure 7 shows the field site facility.

Emphasis during preliminary phases of the experimental work will
be centered around measuring the covariance function and average cross-
wind velocity with the experimental system and comparing the results
with the calculated covariance function and in situ wind measurements.,
As noted earlier, the covariance function changes with source size.
Inorder to control this parameter, the target size will at first be
restricted to a diameter of 4.85 VAL and the beam adjusted at very
low turbulence levels to f£ill the entire target. The calculated co-
variance curve for this case is shown in Figure 8 and the corresponding
wind weighting function is shown in Figure 9. It can be seen from
Figure 10 that the weighting is peaked up toward the receiver.

During this phase of the work, the transmitter was operated at
the field site and photographs were made of the received scintillation
patterns from the double pulse ruby laser. Two cameras, an electronic
shutter, a rotating disk with a hole and mirror, the receiver optics
and electronics to synchronize firing of the laser with the disk were
used. The rotating disk directed the scintillation pattern from the
first laser pulse to one camera and the second pulse to the other
camera. High speed infrared film (Kodak] was used to record the
patterns with the Scotchlite target at 500 meters and 1.6 Km. Repre-
sentative scintillation patterns are shown in Figures 10 - 12.

Normal looking scintillation patterns were obtained at both ranges.
The primary scale size appears to be appropriate for the path length
and there appears to be no discernible speckle present. The length

of the longest cross hair (from cross to edge of aperture) is approxi-
mately 8.5 inches. The patterns were recorded at night under very low

turbulence conditions. The "rice grain" nattern in Figure 11 is

28

TR

a m}i;?";

-




thought to be due to a very light rain. As can be seen from the
photographs, the electronic synchronization with the disk was not
perfect and consequently part of the patterns were occluded by the ;
disk. This will not be a problem with the actual receiver in that

a "real time" response will be available while adjusting the synchron-
ization. The overall results from the photographs of the scintillation
patterns tends to indicate that speckle will not be a problem.
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Field Site Facility.

Figure 7.
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APPENDIX A

805 DIM 1101@, 160, 12018, 180, L1018, LaCLE AL Yo l)
BEE.0IM-K1<10,.100, XK2(18, 183,.510(280,A1428) L L2, 2), E{s)
818 OLOD

OLSREM_RERD IN CELL DRTR HND LHNbERl SEQUENLE
B2@ FOR J=81T0%

825 FOR K=8T0O%

B30 INFUT I10Jd,K), 1200, 1)

G35 NEXT Koo

848 NEXT J

845 FOR J=1T09 STEF 2

856 FOR K=8T0%9

838 LET M=9-K

868 LET LidMI=I11¢(J, K2

ged LET LaiMa=ladd. Ky . .

BP8 NEXT K-

B¢S FOR K=8T0%

888 LET 11{J,Ki=L100

885 LET 124J, Ki=L2KK)

it 86 NEXT K

896 NEXKT J... ... N

B3935 REM._DATA NOW IN NURHHL MATR IS FIIRM
@9& FPRINT

168 FRINT "FIRST HARRAY"

1681 FOR J=87T0%

116 FOR K=8T1T0%

115 FRINT. 118Jd. k2,

120 NERT K

125 NEXT

130 FRINT "SECOND RRERYM

135 FOR J=0T70%

146 FOR K=6TO09

145 PRINT 1axd. K,

138 NEXT K

185 NERT J

156 FRINT

160 REM_CHLLCULRTE AVERAGE INTENS!TY ERLHA TUEE
165 LET S=8.

178 LET NM=8.

175 FOR J=8TOs

180 FOkR k=8T0%

185 LET S=S+11:J, ks

198 LET M=i+Iauvg, K0

195 NEXTK

200 NEXRT J

2088 LET Ruda=S.188

210 LET A2 =i lis
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215 REM CRLCULRTE YARIANCE

228 LET S$=0. e e o« e i
225 LET M=4a.

<38 FOR J=a109

235 FORK=8T09 e g
240 LET S=S+114J, K)#11(J.K) [
245 LET M=M+12¢J, K#12¢J, KD | ]
250 NEXTK I

255 NEXT_J , ]
260 LET V(1)=5/100. ~H<1)*A<1)
265 LET V(Zr=M/108. ~F(SI#HK2)
276 FRINT “PULSE","ﬂvgzﬁ;g‘IN
2?5 PRINT 1, AC19,, %(1)
288 PRINT 2 ACE). 0N (R
281 PRINT :

TENSITY", "VARIANCE"

2989 FOR J=87T0¢
299 FOR K=8T09 e e e
300 LET X1d4J, Ko={11{Jd, K)=A{L1))/SEREY(L))

305 LET XadJ, Ki={ladd, KI=AL2) ) SRRINVEZ))

310 NEXT K

A5 NEXI I o

320 REM CRLCULATE COVYARIANCE FOR 9 SFPRCINGS

325 FOR S=6T0&
338 LET NM=1@-5~-2
3395 LET Sz=8.
348 LET Me=8.
345 FOR J=8109
359 LET S1cJr=@
355 LET M1<Jir=8
368 FORK=8TONM
365 LET S4<Jr=81Cd)+X1{J, K)*X1{J, K+5+1)
370 LET MLCID=MLICI)+XS¢I, Ko%x24J, K+5+1)
379 NEST_ K. - . e
IVe LET Sa=S2+4514J)

380 LET Mz=M+M1id)

388 NENT J

390 LET C1¢d, S0=S2,106. F(M+1)
395 LET €142, Sr=na 148, ~(M+1)
468 NEXT S, . .. ... —— )
418 PRINT “"STEFY, "COVRRIANCE FULSE ONE', "COVERIBNCE PULSE Twoo
445 FOR J=8TUE

420 PRINT J+1,C1¢1,J2,, 01, d)
425 NEXT J

426 PRINT

Ji0 REM CALCULRTE SLOFE
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435 FOR S$=8T08

4408 LET M=18. -5-2

445 LET Sz2=0.

450 FOR J=8T108

435 LET S14J>=8

488 FORK=H N N -
465 LET S1CJu=S1(Ja+XZ (U, K+5+1)#X10J0 KI =K1 () K541 2 0], KD
470 NEXT K

4?5 LET S&=52+451(J3

480 NEXT J

485 LET M3(S1=1888. +52,1@. AilM+1. )

496 NEKI S — S — e

495 PRINT "STEF", "SLOFE OF COVARIARNCE"

560 FOR J=8T08

518 FRINT J+1, i)

98 NEXKT J

330 STOF

240 END e o e 1!

FIRST RRRAY

1 e 1 < 1
e 1 & 1 2
1 g 1 2 1
2 1 & - - 1 .- 2
1 & 1 & 1
e 1 & 1 &
1 P 1 & 1
g 1 2 1 2
1 e 1 & 1
£ 1 o -2 1 2
1 & . 1 & 1
2 1 & 1 2
1 e 1 & 1
¢ 1 2 1 2
1 g 1 ey 1
el et e = b 2 -1 <
1 & 1 & 1
¢ 1 & 1 &
1 & 1 & 1
e 1 < 1 &
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SECOND ARRARY
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FULSE AVERRGE INTENSITY VAR TANLCE
S SRV SO . &3

2 ~ 1.5 .25

STEP COVARIANCE FULSE ONE COVARIANCE FLLSE T
R S ~1 -1

< i 1
S S -1 -1

4 1 1

S -1 -1

6 1 1

P -1 -1

& 1 1

9 -1 -1

SIEPR SLOFE _QOF _COVARIANCE. . e S —

1 %]

e 5]

3 %)

4 5]

5 g

[ %] - - —_—

7 a

8 £]

9 a

STOP RT LINE 5@

EERDY R —_— » .

READY

SAVE
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